The Pto gene encodes a serine/threonine protein kinase that confers resistance in tomato (Lycopersicon esculentum) to Pseudomonas syringae pv tomato strains that express the type III effector protein AvrPto. Constitutive overexpression of Pto in tomato, in the absence of AvrPto, activates defense responses and confers resistance to several diverse bacterial and fungal plant pathogens. We have used a series of gene discovery and expression profiling methods to examine the effect of Pto overexpression in tomato leaves. Analysis of the tomato expressed sequence tag database and suppression subtractive hybridization identified 600 genes that were potentially differentially expressed in Pto-overexpressing tomato plants compared with a sibling line lacking Pto. By using cDNA microarrays, we verified changes in expression of many of these genes at various time points after inoculation with P. syringae pv tomato (avrPto) of the resistant Pto-overexpressing line and the susceptible sibling line. The combination of these three approaches led to the identification of 223 POR (Pto overexpression responsive) genes. Strikingly, 40% of the genes induced in the Pto-overexpressing plants previously have been shown to be differentially expressed during the human (Homo sapiens) and/or fruitfly (Drosophila melanogaster) immune responses.
Both plants and animals are continually exposed to pathogens, and, as a result, they have evolved intricate defense mechanisms to recognize and defend themselves against a wide array of these diseasecausing agents. Recent studies have revealed common mechanisms of pathogen virulence and host resistance underlying plant and animal diseases (Cohn et al., 2001; Staskawicz et al., 2001; Nurnberger and Brunner, 2002) . For example, bacterial pathogens of both plants and animals deliver virulence proteins into the host cytoplasm via the type III secretion system (He, 1998; Galan and Collmer, 1999) . Pathogen-associated molecular patterns that are similar to those activating immune responses in animals have been shown to mediate activation of plant defenses (Nurnberger and Brunner, 2002) . Some plant disease resistance (R) proteins share motifs with signaling components of immune response pathways in mammals and invertebrates (Staskawicz et al., 2001) . A striking similarity underlying the molecular mechanisms of pathogen recognition in plants and animals is suggested by the recent isolation of the intracellular receptors NOD1 and NOD2 involved in human (Homo sapiens) Crohn's disease (Ogura et al., 2001a) . In common with a large family of plant R proteins, the NOD1/2 proteins contain a putative nucleotidebinding site and a region of Leu-rich repeats (Ogura et al., 2001b) .
In tomato (Lycopersicon esculentum), the R gene Pto encodes a Ser/Thr kinase and confers resistance against strains of Pseudomonas syringae pv tomato that express the effector proteins AvrPto or AvrPtoB (Martin et al., 1993; Kim et al., 2002) . Overexpression of Pto in tomato under control of the cauliflower mosaic virus (CaMV) 35S promoter has been shown to activate defense responses in the absence of pathogen inoculation. These responses include PR gene expression, an increased level of salicylic acid (SA), and development of spontaneous microscopic lesions similar to the hypersensitive response (HR; Xiao et al., 2001) . Pto-overexpressing plants show resistance not only to P. syringae pv tomato but also to Xanthomonas campestris pv vesicatoria and to the fungal pathogen Cladosporium fulvum. Thus, they exhibit an exaggerated form of the typical plant defense response, making them a useful model to dissect the complicated plant responses that occur during race-nonspecific resistance to several pathogens . Recently, Xiao et al. (2001) iden-tified a limited number of genes that are expressed constitutively (without inoculation by P. syringae pv tomato expressing avrPto) in the Pto-overexpressing tomato line. Many of the genes encode known PR proteins, confirming that overexpression of Pto activates bona fide defense responses in plants.
We have now used suppression subtractive hybridization (SSH; Diatchenko et al., 1996) , an in-depth analysis of the tomato expressed sequence tag (EST) database, and cDNA microarray analysis to characterize more fully the alterations in gene expression caused by the overexpression of Pto. Interestingly, over 40% of the genes that are highly expressed in Pto-overexpressing plants either with or without P. syringae pv tomato infection are also known to be induced in human and/or fruitfly (Drosophila melanogaster) during various defense responses. These findings indicate that many downstream defense responses in plants, humans, and invertebrates, as seen for certain recognition and signaling components, are shared and, thus, are either highly conserved or may have arisen by convergent evolution.
RESULTS

Use of in Silico EST Subtraction to Identify Genes That Are Differentially Expressed upon P. syringae pv tomato Inoculation in Tomato Leaves Overexpressing Pto
As one method of identifying genes that might be differentially expressed in response to inoculation with P. syringae pv tomato(avrPto), we analyzed the tomato EST database for sequences derived from line R11-12 that expresses the Pto gene from the CaMV 35S promoter and a sibling line R11-13 that has segregated away this transgene. As described in "Materials and Methods," both lines were inoculated with the avirulent P. syringae pv tomato(avrPto), and leaves were harvested at various time points afterward. We analyzed 10,872 EST sequences from the R11-12 (R) and R11-13 (S) libraries (5,316 for R library and 5,556 for S library). A total of 6,921 of these EST sequences assembled into 1,414 contigs that contained either ESTs all derived from one of the libraries (116 contigs with at least three ESTs; 42 contained ESTs only from the R library, whereas 74 contigs contained ESTs only from the S library; Fig. 1 ) or a mix of ESTs from both libraries (1,298 contigs). The 3,953 singleton ESTs were excluded from further analysis. Of the 1,298 contigs with mixed R and S sequences, we identified 132 cases where the EST counts within a contig differed by more than 3-fold between R and S libraries (Fig. 1 ). An additional 51 contigs were identified that encoded known defense genes and that had counts between the libraries differing by more than 2-fold. To test if the genes corresponding to these ESTs were differentially expressed in P. syringae pv tomatoinoculated R11-12 and R11-13 leaves, we selected a representative cDNA clone from each of the 299 contigs (116 cases with at least three ESTs coming only from either R or S library, 132 cases with Ͼ3-fold differences, and the 51 cases with Ͼ2-fold differences) for microarray analysis (see below).
Use of cDNA Subtraction to Identify Genes That Are Differentially Expressed upon P. syringae pv tomato(avrPto) Inoculation in Tomato Leaves Overexpressing Pto
In a second approach to identify differentially expressed genes, we performed cDNA subtraction, an open-architecture gene expression profiling technique. By using SSH (Diatchenko et al., 1996) , we "forward" subtracted cDNAs derived from R11-12 plants from cDNAs derived from R11-13 plants and vice versa ("reverse" subtraction) after inoculation with P. syringae pv tomato(avrPto). In the forward subtraction experiments, we used RNA isolated from leaves collected at 4 and 8 h after inoculation to identify genes expressed or overexpressed in R11-12 (tester) as compared with R11-13 (driver). Similarly, we used reverse subtraction to identify genes whose expression was suppressed in R11-12 (driver) as compared with R11-13 (tester). We followed up the subtraction procedure in two ways. First, we directly cloned the resulting PCR products and sequenced about 65 clones from each of the forward and reverse subtractions. Second, we radioactively labeled the subtracted PCR products and used them as a pooled Identification of differentially expressed genes by in silico EST subtraction. ESTs derived from the R11-12 (R) and the R11-13 (S) libraries were assembled into contigs. Within each contig, the number of ESTs derived from the R or S libraries was then calculated. Those contigs (with at least three ESTs) with ESTs from only the R library are shown on the left, and those with ESTs from only the S library are shown on the right. Contigs that contained mixtures of ESTs from both libraries are shown in the middle. Fifty-four of these contigs contained 3-fold or more ESTs from the R than S library, whereas 78 contigs contained 3-fold or more ESTs from the S than the R library. The remainder of the contigs (1,298) contained mixtures of ESTs from both libraries but in less than 3-fold ratios.
probe on colony blots containing the DNA from a nonredundant EST set developed from the EST sequences of R and S libraries. Based on the relative hybridization intensities, approximately 250 of the spotted cDNA clones were observed to correspond to abundant sequences in the subtraction libraries. Sequences from both of these methods were searched against National Center for Biotechnology Information (NCBI) databases (see below). We further examined the differential expression of genes identified by SSH by using cDNA microarrays and RNA blots (see supplemental data Fig. S1 at http://www.plantphysiol.org).
cDNA Microarray Analysis of Genes Identified by in Silico EST Subtraction and SSH
A total of 600 cDNA clones (some redundancy was observed) obtained from SSH and in silico EST subtraction were selected for microarray analysis. cDNA clones corresponding to known plant defense related genes were also included. Both R11-12 and R11-13 plants were inoculated with P. syringae pv tomato(avrPto), and RNA was isolated at different time points (0, 1, 2, 4, and 8 h) afterward. These RNA samples were used for microarray hybridization. From 299 genes identified by in silico EST subtraction, 159 (53%) of them were differentially expressed (Ͼ2-fold) in at least one of the five time points analyzed. Of the 301 clones that were identified by SSH, 158 clones (52%) were shown to be differentially expressed (Ͼ2-fold) in at least one of the five time points. Overall, by combining the approaches of in silico EST subtraction, SSH, and cDNA microarrays, we identified 223 nonredundant genes that were significantly differentially expressed at one or more time points between the R11-12 and R11-13 plants (see supplemental data Table S1 at http://www. plantphysiol.org). We designate these genes as POR (Pto overexpression responsive).
Scatter plots were generated to display the differential expression of the POR genes at different time points after inoculation (Fig. 2) . Interestingly, 106 genes were differentially expressed more than 2-fold at the 0-h time point (without any P. syringae pv tomato inoculation), and the transcripts of most of these genes were more abundant in Pto-overexpressing line R11-12 than in the susceptible line R11-13. Remarkably, the transcript abundance of some of the genes (osmotin like, class I chitinase, and basic 30-kD endochitinase precursor) at 0-h time point was greater than 100-fold in R11-12 as compared with R11-13. The number of genes with lower transcript abundance in R11-12 than in R11-13 increased markedly at 8 h after inoculation when compared with the 0-h time point (Fig. 2) . The number of genes that were differentially expressed by more than 10-fold in R11-12 compared with R11-13 was reduced at 8 h after inoculation when compared with the 0-h time point. This is not unexpected because many defense-related genes are known to be expressed early in incompatible interactions and to then be very highly expressed later in the compatible interaction. Expression data of the 223 POR genes (those genes with Ͼ2-fold expression differences) were used for cluster analysis as described below.
Coordinate Regulation of Genes That Are Constitutively Differentially Expressed in Line R11-12 and That Are Differentially Expressed by P. syringae pv tomato(avrPto) Inoculation
The ratios of spot intensities of the 223 POR genes obtained at different time points after inoculation of R11-12 and R11-13 with P. syringae pv tomato(avrPto) were used to do a hierarchical cluster analysis (Eisen et al., 1998; Fig. 3) . From this analysis, we focused on seven clusters (Fig. 3 , A-G; see supplemental data Fig. S2 at http://www.plantphysiol.org). Cluster A contains a variety of genes whose expression is induced in R11-12 leaves after inoculation with P. syringae pv tomato(avrPto). Maximum induction of these genes was observed at 8 h after inoculation. Some of the genes that belong to this cluster encode proteins involved in phenylpropanoid metabolism, Figure 2 . Scatter plots showing distribution of POR gene expression ratios at different time points after inoculation. Each cDNA insert was replicated three times on the microarray slides (see "Materials and Methods"). The dots (Ͼ2-fold induction/repression) and white circles (Ͻ2-fold induction/repression) correspond to the signal intensity ratios (R11-12:R11-13) of the individual cDNA spots. The x axis represents the spot intensity of Cy3 (R11-12 RNA; experiment), and the y axis represents the spot intensity of Cy5 (R11-13 RNA; control). Diagonal blue and brown lines represent Ͼ2-fold and Ͼ10-fold induction:repression ratio cutoffs, respectively, relative to the best fit line through the normalized data (middle black line). Number of cDNA clones that are Ͼ2-fold or Ͼ10-fold induced (red)/repressed (green) is shown.
water transport, cell protection, or stress responses (Fig. S2a) . Cluster B genes were highly expressed without P. syringae pv tomato(avrPto) inoculation in R11-12 plants when compared with R11-13 plants, and their transcript levels remained almost constant at time points after inoculation. Cluster B genes encode a variety of proteins, including a glutathione S-transferase (GST), a ferritin, an AP2 domain transcription factor, and some PR genes (Fig. S2a) . This cluster also contains Pto whose high expression is driven by the CaMV 35S promoter. Cluster C includes mainly PR genes. It also includes cell protectant genes, an ethylene response factor (ERF) transcription factor Pti4, and a WRKY transcription factor (Fig. S2b ). These genes were highly expressed in R11-12 plants before pathogen inoculation, and the ratio of expression between R11-12 and R11-13 plants gradually decreased beginning 2 h after inoculation. This expression pattern is due to the induction of these genes in R11-13 plants after inoculation. Cluster D includes a variety of genes including PR genes, HR-associated genes, general stress-related genes, and another ERF transcription factor Pti5 (Fig. 3) . These genes were highly expressed in R11-12 plants before pathogen inoculation, and the ratio of expression between R11-12 and R11-13 decreased beginning 1 h after inoculation. Again, this is due to the induction of these genes in R11-13 plants at this time point.
Cluster E includes a set of genes whose expression in R11-12 is suppressed during the resistance response, in comparison with R11-13 plants, with the suppression starting at 4 h after inoculation and reaching a maximum at 8 h after inoculation. Cluster E contains mostly genes encoding chloroplast-and photosynthesis-related proteins (Fig. S2c) . Cluster F contains genes whose expression was suppressed, without pathogen inoculation, in the R11-12 plants when compared with R11-13 plants. Cluster F comprises a variety of genes that encode proteins like translation initiation and elongation factors, ACC ox- idase, prohibitin, proteasome alpha-subunit, and chromatin-associated proteins (Fig. S2c) . Expression of genes in cluster G is very similar to Cluster E except that the suppression of these genes was observed only at 8 h after inoculation. Cluster G is also enriched with chloroplast-and photosynthesisrelated genes (Fig. 3 ).
Functional Classification of POR Genes
POR genes were classified based on their potential cellular functions into 21 different groups (Table I) . Of the 21 classes, the majority of the genes in 16 of the classes were "up-regulated" in R11-12 plants. Viewed broadly, they include genes involved in cell protection (from oxidative stress), cell wall fortification, hormone responses, HR, general metabolism, known plant defense functions, transport, signaling, ubiquitination, and water transport, and genes encoding pathogenesis-related proteins, ribosomal proteins, stress-related proteins, transcription factors, proteins with no homology to an annotated gene in the database, and genes encoding proteins of unknown function. Three classes of genes had both upand down-regulated genes, and these include genes required for various other miscellaneous functions, phenylpropanoid metabolism, and senescence-associated proteins. It is interesting to note that almost 19% of the POR genes were photosynthesis-and chloroplast-related genes (see supplemental data Table S1 at http://www.plantphysiol.org). Without any exceptions, all the photosynthesis-and chloroplast-related genes were "down-regulated" during the resistance response. All photosynthesis-and chloroplast-related genes were suppressed only after pathogen inoculation and had maximum suppression at 8 h after inoculation.
Overexpression of Pto Causes Differential Expression of Genes That Belong to the Same Functional Classes Identified in Tomato Leaves with Pto Expressed from Its Native Promoter
We compared the POR genes with a recently identified set of genes that is differentially expressed 4 h after inoculation with avirulent P. syringae pv tomato(avrPto) in a tomato line expressing Pto from its native promoter (RG-PtoR; Mysore et al., 2002) . Approximately 22% of POR genes (48 of 223) were represented in the previously identified set of genes (see supplemental data Table S1 at http://www. plantphysiol.org; Mysore et al., 2002) . The differential expression of 16 of these 48 genes was much higher in Pto-overexpressing plants when compared with RG-PtoR plants. Although the other 78% of the genes were distinct from the previously identified set of genes, they fall into functional classes that are similar to the classes of genes identified previously in RG-PtoR plants. Thus, Pto-overexpressing plants express a subset of genes shared with the normal Ptomediated disease resistance response but also express a distinct set of largely defense-related genes. For example, the majority of genes involved in cell protection and defense were "up-regulated," and chloroplast-and photosynthesis-related genes were "down-regulated" during the resistance response in both RG-PtoR and R11-12 plants after inoculation with P. syringae pv tomato(avrPto).
Similarities between the Plant Defense Response and the Immune Response of Humans and Fruitfly
Because striking similarities exist among both R proteins and downstream signaling components of plants and certain animal and fruitfly proteins with roles in immunity (Cohn et al., 2001; Staskawicz et al., 2001) , we decided to compare the set of POR genes with several expression profiling studies of the mammalian/invertebrate immune response (Gregorio et al., 2001; Huang et al., 2001; Irving et al., 2001) . We found that for 62 of 153 POR genes (approximately 40%) that were abundantly expressed in R11-12 plants when compared with R11-13 plants, closely related genes (based on putative function and not by sequence similarity) were induced during the human and/or fruitfly immune responses (Table II) . Transcripts of most of these genes were abundant in a Up-or down-regulated in R11-12 compared with R11-13.
b Genes that have no homology to an annotated gene sequence in the database.
c Genes that encode proteins of other miscellaneous functions.
d Genes that encode proteins of unknown function. 
DISCUSSION
Signaling pathways leading to activation of defense response genes in mammals, insects, and plants share many similar components (Cohn et al., 2001; Staskawicz et al., 2001) . For example, the resistance protein Pto shares sequence similarity with the IRAK proteins in human and Pelle in fruitfly, both of which play central roles in controlling the innate immune response (Cohn et al., 2001 ). To investigate whether "downstream" defense responses are similar among mammals, insects, and plants, we compared the POR genes with previously published human and fruitfly immune response genes (Gregorio et al., 2001; Huang et al., 2001; Irving et al., 2001) . Strikingly, 40% of the POR genes that were abundantly expressed in Ptooverexpressing plants are functionally similar to genes previously shown to be induced during human and/or fruitfly immune responses (Table II) . Some of these could be general stress-responsive genes and may not be specific to pathogen-induced immune response. However, they may also still play a role in conferring immunity against pathogens. These results suggest that defense responses in these diverse organisms are either conserved or may have arisen by convergent evolution. For example, genes encoding metallothionein (MT), GST, thioredoxin (TRX), cytochrome P450 (P450), heat shock proteins (HSPs), ribosomal proteins, and ubiquitin-conjugating enzymes are all induced during defense responses in Pto-overexpressing plants, humans, and fruitfly (Table II). Although these genes are reasonably well characterized in mammalian systems, their actual role in immunity is not clear. Because of the availability of high-throughput techniques like virusinduced gene silencing and reverse genetics in plants, it might be easier to investigate the function of these in immunity by using a plant model system.
The oxidative burst that precedes HR, a common phenomenon triggered by an incompatible plant pathogen interaction, has been suggested to be a primary event responsible for triggering the cascade of defense responses in various plant species against infection with avirulent pathogens or pathogenderived elicitors. The oxidative burst may be followed by activation of genes encoding antioxidant enzymes in tissue surrounding the initial infection site (Lamb and Dixon, 1997) to protect the surrounding cells against oxidative damage. We found that several of these cell protectant genes (POR1-POR19), like glutathione peroxidase, separation anxiety protein, catalase, superoxide dismutase, ferritin, GST, MT, NADP-dependent isocitrate dehydrogenase, ascorbate oxidase, quinone-oxidoreductase, and TRX, were up-regulated during the Pto-mediated disease resistance response. A majority of these was constitutively up-regulated in R11-12 plants without any pathogen infection. Interestingly, all these genes, with the exception of separation anxiety protein and ascorbate oxidase, were also shown to be induced during human immune response (Table II) . This sug- gests that the cell protectants that are induced during an immune response are highly conserved among animals and plants.
MTs and GSTs are a group of stress and immune response proteins that contribute to cellular survival due to oxidative damage (Borghesi and Lynes, 1996) . TRX plays multiple roles in intracellular signaling and resistance against oxidative stress (Hirota et al., 2002) . In humans, the TRX gene contains a series of stress-responsive elements; in turn, TRX promotes activation of transcription factors such as NF-kappa B, AP-1, and p53 that are components of the human immune system (Hirota et al., 2002) . In vertebrates, the wide variety of P450s is a key to many of the known defense mechanisms of vertebrates against all xenobiotic forms (Morfin, 2002) . Taken together, overexpression of MTs, GSTs, TRX, and P450s during immune responses in humans, insects, and plants seems to participate in the same basic function of cell protection. HSPs act as chaperones, are widely distributed in nature, and are among the most highly conserved molecules of the biosphere (Zugel and Kaufmann, 1999) . HSP synthesis is increased to protect prokaryotic or eukaryotic cells from various insults during periods of stress caused by infection, inflammation, or similar events (Zugel and Kaufmann, 1999) . Reversal of polypeptide unfolding and preventing protein aggregation are major functions of HSPs, especially under stress, and they seem to perform the same functions in animals, plants, and insects (Zugel and Kaufmann, 1999) .
Protein translation plays an important role during innate immunity in plants, animals, and insects. For example, the fruitfly Thor gene has been shown to be required for innate immunity in fruitfly by preferential translation of immune transcripts (Bernal and Kimbrell, 2000) . During the immune and defense responses in mammals, insects, and plants, massive production of antimicrobial proteins is required, and translation of mRNAs encoding proteins with counteractive effects must be suppressed. Hence, modulation of ribosomal gene expression during immune responses in humans, fruitfly and plants is probably essential.
Protein ubiquitination is not only essential for the normal physiological turnover of proteins but appears to have been adapted as part of an intracellular surveillance system that can be activated by altered, damaged, or foreign proteins and organelles and has evolved to be an "intracellular immune system" (Ben-Neriah, 2002) . Ubiquitination pathway genes have been shown to be induced during both human and fruitfly immune response (Huang et al., 2001; Irving et al., 2001 ; Table II) . Recently, it has been shown that mutations in a plant homolog of animal SGT1, a component of ubiquitin ligase, disable early defenses conferred by multiple R genes ( Austin et al., 2002; Azevedo et al., 2002) . SGT1 is also shown to play an important role in N gene-mediated resistance response to tobacco mosaic virus (Liu et al., 2002b) . In this study, we have shown that four ubiquitination pathway-related genes (POR200 and POR202-204) were induced during Pto-mediated disease resistance response. These data suggest that the ubiquitinationmediated protein degradation pathway plays an important role in both plant and animal defense.
Pto-overexpressing plants (R11-12) are slightly stunted, and they develop small white veins in the leaves as they age (Li et al., 2002) . It is possible that these phenotypes are due to pleiotropic effects of Pto overexpression that are unrelated to the defense response. However, it is unlikely that differential expression of most of the POR genes is due to pleiotropic effects because we found that the majority of the genes are differentially expressed upon inoculation by P. syringae pv tomato(avrPto), and they fall into the same functional classes that were shown to be differentially expressed during a disease resistance response in RGPtoR plants (Mysore et al., 2002 ; see supplemental data Table S1 at http://www.plantphysiol.org).
Requirement of Prf for the constitutive plant defense response mediated by Pto overexpression (Xiao et al., 2003) suggests that both R11-12 and RG-PtoR plants initiate similar defense responses in response to P. syringae pv tomato expressing avrPto. Even though the POR genes belong to the same functional classes identified in this earlier study, approximately 80% represent previously undiscovered genes. This lack of significant overlap could be due to several reasons. First, the expression profiling we present in this paper is likely not as comprehensive as that reported earlier; further overlap of the genes might be revealed with a more in-depth profiling approach such as GeneCalling (Mysore et al., 2002) . Second, it seems likely that Pto overexpression "amplifies" the gene expression differences that normally occur in plants expressing Pto from its native promoter. This exaggerated response might have allowed the identification of genes in the Pto-overexpressing line that are normally expressed at much lower levels during the "natural" Pto-mediated resistance response. Third, the differentially expressed genes identified in this study were from tissue collected at 4 and 8 h after infection, whereas in the previous study it was only from tissue collected at 4 h after infection. Fourth, a recent report suggests that the AvrPto-independent defense activation in R11-12 and gene-for-gene resistance mediated by Pto are functionally separable. Even though Pto-mediated gene-for-gene resistance and AvrPto-independent resistance require both Pto and Prf, it was recently shown that AvrPtoindependent resistance appears to be distinct from gene-for-gene resistance in terms of the requirement of downstream components, sensitivity to mutations in Pto, and defense activation (Xiao et al., 2003) .
A recent report from Xiao et al. (2001) provided some insights about differential gene expression in the Pto-overexpressing line, and we have now signif-icantly expanded on that study. Our study differs from that of Xiao et al., first, by investigating not only genes that are differentially expressed without pathogen inoculation in the Pto-overexpressing line but also those genes that are induced in this line upon inoculation by P. syringae pv tomato(avrPto). Second, we also identified a set of genes that are suppressed in the Pto-overexpressing plants. Third, because results are now available from a comprehensive transcript profiling experiment of a tomato line expressing Pto from its native promoter, we were able to compare the POR genes with those differentially expressed during the "normal" resistance response. Fourth, we examined the expression of the POR genes over a time course, and this allowed us to cluster them based on their expression patterns. We did observe some overlap of the POR genes with those identified by Xiao et al. Approximately 52% of the genes identified by Xiao et al. are identical to our POR genes. Together, these two studies have identified a total of 255 genes that are differentially expressed in the Pto-overexpressing lines.
We identified 21 different classes of genes that were differentially expressed in R11-12 after inoculation with P. syringae pv tomato expressing avrPto (Table I). Interestingly, genes belonging to these classes, with the exception of chloroplast-or photosynthesisrelated genes, water transport-related genes, and ubiquitination pathway genes, were constitutively expressed in the R11-12 plants in the absence of P. syringae pv tomato expressing avrPto. Figure 4 depicts a model for constitutive plant defense responses due to Pto overexpression.
Phenylpropanoids have been proposed to serve as flower pigments (anthocyanin), UV protectants, defense chemicals (phytoalexins and insect repellents), allelopathic agents, and signal molecules in plantmicrobe interactions. We identified 10 different genes (POR97-105) involved in the phenylpropanoid pathway that are differentially expressed in the Ptooverexpressing plants, R11-12. Five of these 10 genes were constitutively differentially expressed in R11-12 plants. Cell wall reinforcement and thickening are associated with plant defense during resistance response. In this study, we have shown that majority of the cell wall-associated genes (POR20-21, POR23-24, and POR26-27) were constitutively up-regulated in R11-12 plants.
Overlap between the leaf senescence and pathogen defense programs has been reported earlier (Quirino et al., 1999) . Obvious visual symptoms of leaf senescence are loss of chlorophyll pigments due to decline in photosynthesis and chloroplast disintegration (Buchanan-Wollaston, 1997). It has been suggested that in cells undergoing HR, a decline in photosynthesis might act as an inducer of senescence (Quirino et al., 2000) . In this study, we show 30 photosynthesis-related genes (POR106-135) that were suppressed during the Pto-mediated disease resistance response. We also identified 12 genes encoding chlo- roplast associated proteins (POR28-39) that were also suppressed during the resistance response. Interestingly, pathogen inoculation was required for the suppression of these genes. These observations suggest that, in the face of pathogen attack, the plant is rapidly redirecting its resources from growth processes to defense responses.
Water is essential for pathogen multiplication in the plant tissue. One of the P. syringae pv tomato disease symptoms is water-soaked lesions on tomato leaves. In this study, we have shown that four aquaporin/tonoplast intrinsic proteins (POR220-223) were induced during the resistance response. Interestingly, aquaporin genes were suppressed during a previously studied Pto (native promoter driven)-mediated disease resistance response (Mysore et al., 2002) . It seems like the Pto overexpression is slightly up-regulating the aquaporin genes, and its expression is enhanced after pathogen infection. The actual role of water transport during plant defense response is yet to be determined.
Several genes encoding known components of the Pto signal transduction pathway were deliberately included in the microarray experiments to study their expression in Pto-overexpressing plants (see supplemental data Table S1 at http://www.plantphysiol. org). As expected, the Pto gene (POR161) was abundantly expressed in the R11-12 plants when compared with the azygous plants at the 0-h time point. Pto was slightly induced due to P. syringae pv tomato expressing avrPto inoculation. This was probably due to the CaMV 35S promoter used to overexpress the Pto gene. Tomato plants infected by the avirulent P. syringae pv tomato have been shown to accumulate SA (Oldroyd and Staskawicz, 1998) , and the CaMV 35S promoter is responsive to SA (Qin et al., 1994) . Pti4, Pti5, and Pti6 are ERF transcription factors that interact with Pto; expression of the Pti4/5/6 genes is induced in both the compatible and incompatible interactions, whereas the induction of Pti5 is further enhanced during incompatible interaction when compared with compatible interaction (Zhou et al., 1997; Thara et al., 1999; Gu et al., 2000) . Here, we have shown that genes encoding Pti4 (POR186) and Pti5 (POR185) are constitutively and abundantly expressed in R11-12 plants without any pathogen inoculation. Previously, using RNA-blot hybridizations, Pti4 was shown to be equally expressed in both Ptooverexpressing and azygous lines Gu et al., 2000) . This discrepancy is most likely due to the differences in the sensitivity of RNA-blot hybridization and microarray hybridization. It is interesting to note that Pti4 was also induced in the RG-PtoR plants, in response to P. syringae pv tomato expressing avrPto, when compared with Rio-Grande tomato plants without Pto (Mysore et al., 2002) . Pti6 was not differentially expressed due to Pto overexpression (data not shown).
Api1 and Api2 encode tomato proteins that interact with AvrPto in a yeast two-hybrid system (Bogdanove and Martin, 2000) . Using microarrays, we have shown that Api1 (POR139) was suppressed in R11-12 plants at 4 and 8 h after inoculation with P. syringae pv tomato expressing avrPto. Api1 encodes a stress-related protein that is induced by heavy metal, wounding, and virus inoculation. It is possible that Api1 is a virulence target for AvrPto, and, hence, the plant is suppressing the gene expression as a defense mechanism. Api2 (POR42), which encodes a Rasrelated Rab8-like protein, was constitutively and abundantly expressed in R11-12 plants without any pathogen inoculation. Api2 is involved in vesicular protein trafficking, and its role in disease formation is yet to be determined. Adi1 encodes an AvrPtodependent Pto-interacting tomato protein (Bogdanove and Martin, 2000) . Adi1 is a catalase that is involved in scavenging hydrogen peroxide (Bogdanove and Martin, 2000) . In this study, we have identified a tomato catalase (POR7) that is constitutively abundantly expressed in the R11-12 plants without any pathogen inoculation. This catalase is most likely involved in protecting the cells from excessive damage due to oxidative burst that results from Pto overexpression.
The possible role of Pto in a basal defense response is suggested by our recent report that the RG-PtoR plants constitutively induce several defense-related genes, including PR genes without any pathogen infection (Mysore et al., 2002) . When Pto is overexpressed, such basal defense response is exaggerated to up-regulate an array of defense-related genes (POR genes). Constitutive overexpression of ERF transcription factors Pti4 and Pti5 (Zhou et al., 1997) , without any pathogen infection, in Pto-overexpressing plants further corroborates a role for Pto in basal defense and supports the notion that Pto can activate Pti4 and Pti5 in the absence of AvrPto (Zhou et al., 1997) . Interestingly, many of the POR genes are also known to be induced during immune responses in human and/or fruitfly. This observation further supports the notion that defense responses among plants, mammals, and insects have been conserved during evolution. Future characterization of the POR genes by virus-induced gene silencing (Liu et al., 2002a) and other loss-and gain-of-function methods should help to clarify the potential role of these genes in disease resistance.
MATERIALS AND METHODS
Plant Materials, Bacterial Strains, Plant Inoculation, and RNA Isolation
Tomato (Lycopersicon esculentum) Pto-transgenic line R11-12 (35S::Pto/ 35S::Pto) and a sibling line R11-13 that has segregated away the Pto transgene were described previously . Seeds of these two genotypes were germinated on moist Whatman paper (Whatman, Clifton, NJ) and grown in soil in the greenhouse at 26°C to 28°C and 16 h of light per day. Bacterial inoculations were performed as described previously (Gu et al., 2000) and below under cDNA library construction. For SSH, cDNA microarray, and RNA-blot experiments, plants were inoculated with bacteria by vacuum infiltration at a concentration of 2.2 ϫ 10 7 colony-forming units (cfu) mL Ϫ1 . RNA was isolated using the hot phenol method as described previously (Gu et al., 2000) .
Construction of cDNA Libraries and EST Sequencing
To create cDNA libraries, 4-week-old plants of tomato lines R11-12 and R11-13 were vacuum infiltrated with Pseudomonas syringae pv tomato strain T1 expressing avrPto at concentrations of either 10 5 or 10 8 cfu mL Ϫ1 . At the 10 8 cfu mL Ϫ1 (high titer) inoculation level, leaves were harvested at 0, 2, 4, 6, and 8 h after inoculation. Effectiveness of the high-titer inoculations was verified by assessing defense-related gene expression (in R11-13) or by observation of the HR (in R11-12). At the 10 5 cfu mL Ϫ1 (low titer) inoculation level, leaves were harvested at 0, 12, 24, 36, and 48 h after inoculation. Effectiveness of the low-titer inoculations was verified by assessing defenserelated gene expression (in both R11-12 and R11-13). Equal amounts of leaf tissues from the R11-12 and R11-13 plants from the different time points of high-and low-titer inoculations for each line were pooled and used to extract total RNA.
Poly(A ϩ ) RNA was purified using the poly(A ϩ ) tract mRNA isolation system (Promega, Madison, WI). An oriented Uni-ZAP XR library was prepared using a ZAP-cDNA synthesis kit (Stratagene, La Jolla, CA) according to the manufacturer's instructions. The cDNA (0.4 g) was ligated into Uni-ZAP XR digested with XhoI and EcoRI. This yielded 1.4 ϫ 10 6 and 1.2 ϫ 10 6 primary plaques for the R11-12 (R) library and the R11-13 (S) library. Mass excision was performed on 1 ϫ 10 7 plaque-forming units from each library. Escherichia coli strain XL1-Blue MRF was used for propagating the library. The bacterial cultures were subsequently arrayed into 384-well plates and used for sequencing. Additional information about the libraries can be found online (http://sgn.cornell.edu or http://www.tigr.org/tdb/tgi/lgi). Approximately 5,500 clones from each of the R and S libraries were sequenced by The Institute for Genomics Research (TIGR; http://www.tigr.org/tdb/tgi/lgi).
In Silico EST Subtraction and cDNA Subtraction by SSH
For in silico EST subtraction (Stekel et al., 2000) , 10,872 EST sequences from the R and S libraries were downloaded from the TIGR database and assembled using "TIGR Assembler" running on a Linux operating system. Custom scripts were written in PERL to index each contig resulting from the assembly. The indexing process calculated the number of ESTs within each contig derived from the R or S libraries. Contigs that contained more than 2-fold the number of ESTs from one library than the other were flagged for further analysis (see "Results").
SSH was done by using the CLONTECH PCR-Select cDNA Subtraction Kit (CLONTECH Laboratories Inc., Palo Alto, CA). Equal amounts of RNA from leaves 4 and 8 h after inoculation with P. syringae pv tomato(avrPto) were pooled for each of the R11-12 and R11-13 plants and used for SSH. Both forward (R11-12 as tester and R11-13 as driver) and reverse (R11-13 as tester and R11-12 as driver) subtractions were performed according to the manufacturer's protocol. The final PCR products (enriched for cDNAs corresponding to differentially expressed transcripts) resulting from the SSH were either digested with NotI and directly cloned into pBluescript vector or labeled with radioactive P 32 (DECAprime DNA labeling kit, Ambion Inc., Austin, TX) and used as a probe on colony blots containing a nonredundant EST collection from the R and S libraries. PCR products cloned into pBluescript vector were sequenced (65 each from forward and reverse subtractions), and the sequences were searched against the NCBI databases. EST sequences corresponding to colonies that hybridized to the radiolabeled PCR product were obtained from the TIGR databases and were subsequently used for searches of the NCBI databases.
Microarray Preparation, Hybridization, and Data Analysis
Inserts from approximately 650 cDNA clones corresponding to ESTs (http://www.tigr.org) were PCR amplified using T3 and T7 primers. This number included about 600 ESTs that corresponded to genes obtained by SSH (301) and in silico EST subtraction (299), 38 ESTs that corresponded to known defense response genes, and 12 controls (e.g. alpha-tubulin, betatubulin, and genes encoding ribosomal proteins). PCR products were purified using MagBeads (Bangs Lab., Fishers, IN) . Purified PCR products were vacuum dried and resuspended in 30 l of spotting buffer (3ϫ SSC ϩ 0.1% [w/v] Sarkosyl). DNA spotting, labeling, hybridization, and data analyses were performed as described earlier (Mysore et al., 2002) . Changes in mRNA expression in excess of 2-fold between the two samples were considered for these experiments. Cluster and Treeview software (Eisen et al., 1998) were used (http://rana.lbl.gov/EisenSoftware.htm) to group and display genes with similar expression profiles. We used the default options of hierarchical clustering.
Several quality control measures were implemented in our analysis of the microarray data to meet the Minimum Information About a Microarray Experiment (Brazma et al., 2001 ) guidelines (http://www.mged.org/ Workgroups/MIAME/miame.html). The variation in abundance (coefficient of variation shown in supplementary Table S1 at http://www. plantphysiol.org) for each transcript was estimated using two biological replications and at least two technical replications for each biological replication. PCR products corresponding to each cDNA were replicated three times on the same slide to control for possible variations in hybridization within a slide. The ratios shown in Table S1 (http://www.plantphysiol.org) are averages of up to 12 independent ratios representing each gene (two biological replications ϫ two technical replications ϫ three spots per replicate). The correlation coefficient between biological replicates was 0.812 and between technical replicates was 0.923. By dye swapping, we showed that there was no significant variation due to possible biases in direct labeling method of Cy3 or Cy5 used in this study. The correlation coefficient for the dye-swap experiment was 0.918. All the identified POR genes were resequenced from both 3Ј and 5Ј ends to confirm their gene identity. To conform with Minimum Information About a Microarray Experiment guidelines, we have provided the raw data (before normalization) of spot intensities and an example of an overlay image in supplementary Table S2 and Fig. S3 (http://www.plantphysiol.org), respectively.
